Hat stringer pull-off tests were performed to evaluate the delamination failure mechanisms in the flange region for a rod-reinforced hat stringer section. A special test fixture was used to pull the hat off the stringer while reacting the pull-off load through roller supports at both stringer 
the hat off the stringer while reacting the pull-off load through roller supports at both stringer flanges. Previous rodpack hat stringer compression tests [ 1, 2] indicated that the initial failure mode involves the skin buckling away from the hat. A possible source of this buckling instability is a delamination growing from the free edge of the flange.
To understand this local failure mechanism, specimens were cut from a full-size hat stringer panel manufactured by Bell Helicopter and tested monotonically to failure in a special fixture developed at NASA Langley which provides a mechanism to pull the hat off the stringer and to react the pull-off load at both flanges.
The first objective of this paper was to understand the failure mechanisms of the pull-off specimens, and sources that contribute to their failures. The second objective was to develop an analytical methodology to accurately predict the delamination onset and the associated pull-off load. In the paper, the test results of nine hat stringer pull-off specimens are provided first, followed by finite element analyses of these specimens that take into account the local details in each individual specimen, such as ply termination, resin pockets, and ply waviness at the critical location. A fracture mechanics approach and a mixed mode delamination criterion were used to predict the onset of delamination and the pull-off load. By modeling the critical local details of each specimen from micrographs, the model was able to accurately predict the hat stringer pull-off loads and replicate the scatter in the test results.
Experimental Investigation Specimen Configuration
A typical specimen is a section of a single hat stringer, as shown in Figure 1 , where the span is 178 mm (seven inches). A total of nine specimens, three each with three different widths, were tested. The specimen widths were 25 mm (one inch), 50 mm (two inches) and 75 mm (three inches).
The stringer was made of IM7/E7T1-2 graphite epoxy tape with +45°plies. In addition, the stringer had precured pultruded graphite/epoxy rods in the skin beneath the hat stiffener andalsoin thecapof the hat stiffenerto providecompressivestrengthto the stringer (Figure 1 ).
Experimental Procedure
Experiments were conducted in a servo-hydraulic load frame using a special fixture developed at NASA Langley as shown in Figure 2 . The fixture provides a mechanism to pull the hat off the stringer and roller supports to react the pull-off load at both flanges of the stringer. The roller supports are moveable to install and remove the specimen and to provide different support locations on the flanges (see Figure 1) . The specimens were loaded monotonically in stroke control until failure. A plot of the applied load versus hat displacement was recorded on an XY plotter for each specimen.
Test Results
A typical load-displacement curve is shown in Figure 3 . Except for the initial non-linearity due to the compression of the rubber pad placed in the top cap of the hat ( Figure  1 ), the curve is almost linear up to a sudden failure and associated load drop. The test was stopped at that point, and the specimen was removed from the fixture and specimen edges were examined under a light microscope. Figure 4 from left to right and from top to bottom in the order of increasing maximum pull-off load per unit width. These microscopic examinations of the failed specimens revealed that there were noticeable differences in plytermination, resin pocket geometry and ply waviness at the critical location (see Figure 1) . In most cases, delamination initiated at the first ply termination nearest the continuous skin plies and the terminated flange plies seperated from the continuous skin plies.
A relationship between the maximum pull-off loads and the as-manufactured microstructures seems to exist. Two of the three specimens (3A1-3, 3A3-2 and 3Al-1) with a resin pocket that cracked away from the terminated ply had the lowest pull-off loads. All specimens had some waviness, but the specimens (3A1-3, 3A3-2 and 3A1-2) with the most waviness (most compaction under the flange) had the lowest pull-off loads. Also, specimen 3A1-3 failed by delamination from a vertical crack in the middle of the resin pocket at the end of a two-ply termination and had a much lower maximum pull-off load than the rest of the specimens that had smaller resin pockets at the end of a single ply termination.
Hence, in addition to modeling the as-designed microstructure, finite element analyses capable of modeling the actual asmanufactured microstructural geometry at the failure location were performed to try to explain the relative significance of these manufacturing anomalies.
Analytical Investigation

Fracture
Mechanics Approach
From the experimental observations, it was assumed that unstable delamination growth from a resin pocket crack caused the catastrophic failure of the specimen. Hence a fracture mechanics approach was used to analyze the delamination phenomena.
The analysis assumes that a crack has formed in the resin pocket or between the resin pocket and the ply termination as seen from the micrographs in Figure 4 . Delaminations are typically mixed-mode-fracture phenomena, consistingof a combinationof anopeningmodeI, due to inteflaminar tension, a sliding shear mode II, due to intedaminar shear, and a scissoring shear mode III, due to anti-plane shear.
The total strain energy release rate, GT, physically corresponds to the loss of strain energy as new delamination surface area is created and consists of contributions due to opening mode fracture, GI, sliding shear fracture, Gn, and scissoring shear fracture, Gin. Hence, GT = GI + Gn + Gin. In these types of specimen configurations, a plane stress state is introduced in the analysis and the mode III contribution is neglected.
In the present analysis then GT = GI + Gn.
To implement the fracture mechanics analysis, a finite element model was developed with the resin crack, and a simulated delamination running from this crack, to calculate the total strain energy release rate (GT) and the mixed mode ratio (Gn/GT).
With the help of mixed mode fracture criterion as described below, the fracture toughness (Go) at that mixed mode ratio can be determined, and subsequently used to calculate the pull-off load required to initiate and grow the delamination in a catastrophic manner. The GT is proportional to the square of the applied Figure 5 , where the average mixed mode fracture toughness along with its scatter band is plotted against the mixed mode ratio Gn/GT. When the mixed mode ratio is zero, the mixed mode fracture toughness is simply the mode I fracture toughness. Alternatively, the mixed mode fracture toughness becomes the mode II fracture toughness when the mixed mode ratio is
100%. An equation resulting from a regression cubic curve fit to these test data defines the mixed mode delamination fracture criterion for each mixed mode ratio. The cubic fit to the data shown in Figure 5 is given by
where the fitting parameters are Mo=167.49, M1=4.3965, M2=-0.068898 and M3=0.0022075, respectively.
Finite
Element Model
The skin-flange region on either side of the hat stringer is modeled as indicated in Figure 6 .
The critical region where the delamination initiates is at the skin-flange built up area on either side of the hat stiffener. Hence, only a section of the skin and flange on one side of the curve region needs to be studied. A statically equivalent clamped boundary condition is placed at the cut-off location. This simplification is justifiable because the critical region is far from the clamped location.
The simplified model shown in Figure 6 differs from the real situation only by a small rigid body translation and a small rotation. In small deformation linear elasticity, these rigid body motions have no effect on the computation of strain energy release rate which is evaluated using forces and relative displacements of the delamination surfaces to determine the change in the strain energy as the delamination grows.
Finite element models were created for each of the nine specimens in order to obtain the proportionality coefficient, _,, and the mixed mode ratio, Gn/GT, corresponding to the asmanufactured microstructure.
A typical finite element model (specimen 3A1-2) is shown in Figure  7 , where D1 and D2 denote the thicknesses of the skin and skin plus flange, respectively. The lengths of the skin region, the detailed region, the remaining tapered region and the flange region are denoted as L1, L2, L3 and L4, respectively.
A special feature of the present finite element model is the detailed modeling at the critical region.
The detailed finite element meshes are created from micrographs. A flow chart in Figure 8 presents the process. Micrographs of the polished edge of a specimen are taken first. Figure 9 shows an example of a micrograph for specimen 3A1-2. The scanned image and the detailed finite element mesh at the critical region for specimen 3A1-3 are shown in Figure 11 and Figure 12, Subsequently, a half-ply thickness element length was used in the delamination tip region for all the models. The material properties for unidirectional 1M7/E7T1-2 lamina and neat resin are presented in Table 2 .
The total strain energy release rate, GT, and the mode I and mode II components, GI & Gn, are plotted in Figure 13 for various values of delamination length, a, for the 3A1-2 specimen at an assumed pull-off load of 14 kN/m. As shown in Figure 13 , the strain energy release rate values increase as the delamination length increases, which indicates unstable delamination growth once the delamination toughness value is reached. Hence, the G value calculated at the first delamination growth increament, Aa, in Figure  13 were used to determine the mixed mode ratio, Gn/GT, and the corresponding Ge from Equation (3). The proportionality coefficient, Z,, from Equation (1), and the maximum pull-off load from Equation (2) were then determined using GT, P, and Go. Finite element models for the other eight specimens also calculated increasing G values with increasing delamination length.
Becausethe as-manufactured geometricdetailsare unknownin routine stressanalysisof an actualpart,an idealizedmodelwasalsoconstructed basedon theas-designed shapeof a typical specimen.The detailedmesh at this location is shown in Figure 14 . The geometryof the idealizedmodel is givenby: D1=2.14mm, D2=5.56mm, L1=25.4ram, L2+L3=14.3mm, and L4=14.3ram.The differencefrom the as-manufactured modelsis in the detailsat the critical location.The idealizedmodelassumes asingleply terminationbut uniformratherthanirregular triangularresinpocketsandstraightratherthanthe wavy plies thattypically wereobservedin theas-manufactured specimens. Stressanalysisof theidealizedmodelindicatesthe mostlikely place to developthe resincrack is at the endof the first terminatedflange ply from the last continuousskin ply. However, a matrix crack could developinside the resin pocket due to defectsin the resin pocketas seenin Figure4 for the actualspecimens. The location of the matrix crack in the resin pocket relative to the ply termination was anticipatedto havean significant influence on the pull-off load. Therefore,in order to investigatethe resin crack locationeffect, a crackin the resinpocketat a distance, 5, from the endof the first terminated flange ply was introduced,anda delaminationrunning from this crack was assumed. This idealizedmodelalsoyieldedincreasing G valueswith increasing delaminationlength.
Results and Comparisons
The calculatedmixed moderatio, Gn/G-r,for all nine specimensareshownin Figure 15 .The analytically predictedmaximumpull-off loads arecomparedwith the experimentalonesin Figure 16 . By modeling the as-manufactured microstructuraldetails,the fracture mechanics analysisaccuratelypredictsthe experimental resultsfor eachspecimen. Theonly exceptionis in specimen3A3-3 (15%). For this specimen,the edgeof the flange was roundedoff during polishing, making it difficult to get an accuratemeshgenerationfrom the micrographof the specimenedge.Forthermoretheas-manufactured modelsof eachindividual specimenreplicate the variablity observed in the test results indicating that it is the quality of the local details near the flange that control the strength and variablity in the pull-off load.
The pull-off load predictedfrom the idealized analysis is plotted in Figure 17 as a function of the distance (5) of the resin crack to the terminated ply, normalized by the ply thickness (h).
Also appearing in the figure are test results for all but specimen 3A1-3 because specimen 3A1-3 has a unique two-ply termination. Figure  17 shows that the predicted pull-off load from the idealized model increases as 5 increases, which indicates the resin crack is most likely to occur at 5--0 for a perfect resin pocket. If there are defects in the resin pocket which results in a resin crack at 5>0, the pull-off load predicted by &---0gives a lower bound. On the other hand, there is no similar trend among the experimental results because each specimen has a unique resin pocket and ply waviness. Hence, to obtain an accurate prediction the as-manufactured details at the critical location need to be modeled. Therefore, the use of the MEGS software to model the as-manufactured microstructure may be very useful in general to assess the effects of defects on delamination onset and growth in composite structures.
Concluding Remarks
Hat stringer pull-off tests were performed on nine rod-reinforced hat stringer specimens. The failed specimens were examined by microscope, revealing that the delamination initiated and grew from a resin crack at the end of a terminated flange ply from the continuous skin plies.
Test results indicated that the as-manufactured microstructure in the flange region has a strong influence on the delamination initiation and the associated pull-off loads. The as-manufactured specimens had smaller resin pockets than the as-designed specimen. In most cases, delamination initiated at the first ply termination from the continuous skin plies and the terminated flange plies seperated from the continuous skin plies. Two of the three specimens with a resin pocket that cracked away from the terminated ply had the lowest pull-off loads.
Specimens with the most waviness (most compaction under the flange) had the lowest pull-off loads.
Finite element models were createdfor each specimen with a detailed mesh based on micrographsof the critical location. A fracture mechanicsapproachand a mixed mode delaminationcriterion wereusedto predictthe onsetof delaminationandthepull-off load.An idealized model was developedbasedon the as-designedmicrostructureof the skin-flange region. This idealizedmodel appliedto the as-designed microstructurewasnot adequatefor these hat stringer pull-off geometries becausethe as-manufacturedmicrostructure had anomalies such as resin pockets, ply termination and ply waviness.However, a fracture mechanicsapproach basedon finite element modelsof the as-manufactured microstructure was able to accurately predict the hat stringer pull-off loads and replicate the variabilty in the test results.
As a result of this study, two recommendations concerning the manufacture of these specimens are offered to ensure the highest possible pull-off strength.
Steps must be taken to first, achieve uniform compaction (ie, no waviness under the flange tip), and second, to ensure good quality (ie, no flaws or voids) in the resin pocket at the terminated flange ply closest to the skin.
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